Abstract. Shigella flexneri is an enteroinvasive bacterium which causes bacillary dysentery in humans. A major feature of its pathogenic potential is the capacity to invade epithelial cells. Shigella entry into epithelial cells is considered a parasite-induced internalization process requiring polymerization of actin. Here we describe the cytoskeletal rearrangements during S. flexneri invasion of HeLa cells. After an initial contact of the bacterium with the cell surface, distinct nucleation zones of heavy actin polymerization appear in close proximity to the contact site underneath the parasite with long filaments being polymerized. These structures then push cellular protrusions that rise beside the entering bacterium, being sustained by tightly bundled long actin filaments organized in parallel orientation with their positive ends pointing to the cytoplasmic membrane. Finally, the cellular projections coalesce above the bacterial body, leading to its internalization. In addition, we found the actin-bundling protein plastin to be concentrated in these protrusions. Since plastin is known to bundle actin filaments in parallel orientation, colocalization of parallel actin filaments and plastin in the cellular protrusions strongly suggested a functional role of this protein in the architecture of parasite-induced cellular projections. Using transfection experiments, we show the differential recruitment of the two plastin isoforms (T-and L-) into Shigella entry zones. By transient expression of a truncated T-plastin which is deprived of one of its actin-binding sites, we also demonstrate the functional role of T-plastin in ShigeUa entry into HeLa cells.
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B
ACTERIAL entry into epithelial cells is likely to trigger a cascade of transmembrane and intraceUular signals leading to major cytoskeletal rearrangements (29, 59, 61) . The enteroinvasive bacterium Shigellaflexneri is a gram negative bacillus causing bacillary dysentery in humans. A major step in the pathogenesis of the disease is invasion of colonic epithelial cells (67, 70) . Noninvasive mutants of Shigella are avirulent (27, 36, 44, 60, 62) . The invasive phenotype of S. fle.cneri is conferred by a 37-kb region of a 220-kb virulence plasmid (50, 62) . Three of the proteins encoded by this region, IpaB, IpaC, and IpaD have recently been shown to be essential for bacterial entry and for the lysis of the phagocytic vacuole (36, 51) . Shigella entry is generally considered as a process of parasite-specified endocytosis that mimics phagocytosis with actin polymerization in the eukaryotic cell resulting in the formation of an intracellular vacuole containing the bacterium (7, 32) .
In general, cellular uptake of a bacterium is considered to start with the adherence to the host cell. Several epithelial cell receptors which are involved in bacterial entry have been described; for example, different members of the/31 integrin family bind to Invasin, an outer membrane protein that mediates adherence and internalization of enteropathogenic Yersinia into epithelial cells (37) . The epidermal growth factor receptor (EGFR) 1 has been shown to be implicated in entry of Salmonella typhimurium into Henle-407 cells (26) .
Adherence of S. flexneri to epithelial cells is poor (7) . There is no cellular receptor known to promote its adhesion. For bacterial entry, there is an absolute requirement of actin polymerization in the host cell (7) . This seems to be a common attribute of enteroinvasive bacteria thus far studied including enteropathogenic E. coli (19) , Salmonella (16) , Yersinia (15, 35) , and Listeria (25) . In addition, myosin colocalizes with S. flexneri entry spots (7) . These features resemble phagocytosis performed by professional macrophages (4, 65) . However, receptor-mediated endocytosis may also play a significant role during entry of S. flexneri into HEp-2 cells since clathrin can be found in bacterial invasion complexes and bacterial penetration of these cells can be inhibited by K÷-depletion, a procedure known to block coated pit formation, a major characteristic of this kind of particle uptake (9, 33) . The fact that bacterial internalization can be completely blocked by inhibition of either actin polymerization or coated pit formation (9, 32) may indicate that both of the two types of particle uptake participate in a common entry mechanism rather than represent alternative forms of parasite internalization as described for chlamydia (47, 58) . Thus, Shigella entry does not seem to follow one of the classical entry pathways like phagocytosis or receptormediated endocytosis but rather represents a hybrid of several mechanisms. After lysis of the phagosome, bacteria multiply and move freely, or along actin cables, within the cell and infect adjacent cells via bacterial protrusions (2, 3, 38, 48, 55, 63, 64, 69) . Recent evidence indicates that Salmonella induces membrane "ruffling ~ upon entry into epithelial cells (20, 21) . There is a possibility that Shigella, in a similar manner, induces a macropinocytotic process that achieves entry.
To better characterize this actin-mediated entry process, we are presenting here a detailed morphological description of a sequence of major cytoskeletal rearrangements during Shigella entry into HeLa cells. We paid particular attention to the microarchitecture of the cellular protrusions that arise around the intruding bacterium and depicted a number of cellular activities necessary to achieve bacterial internalization. This should help identify molecules that are necessary for bacterial parasitism of eukaryotic ceils. Thus, the initial observation that cellular projections surrounding the penetrating bacterium contain very tightly packed F-actin in parallel orientation prompted us to study a possible association of the actin-bundling protein plastin with bacterial invasion. Plastin, an F-actin cross-linking protein, is homologue to fimbrin which was first isolated from chicken intestinal brush borders (5, 6, 13) . This protein has been shown to be part of the tail-like structure that forms behind bacteria that move in the cytoplasm or are found in bacterial protrusions during cell-ceU spread (57) . In addition, a homologue of plastin has been shown to play a functional role in endocytosis in yeast (42) . Here we show a succession of major cytoskeletal rearrangements induced by the penetrating bacterium and provide evidence for the functional role of plastin in epithelial cell invasion by Shigella.
Materials and Methods

Bacteria
M9Or is a wild-type invasive strain of S. flexneri serotype 5. BS176 is a noninvasive mutant of M90T cured of the 220-kb virulence plasmid. The plasrnid (pIL22) encodes an alimbrial adhesin of uropathogenic E. coli (43) that promotes bacterial adherence to human epithelial cells. The strains SC301 and SC300 are M9ffr or BS176 containing pIL22, respectively, as previously described (7) . SC560, an IcsA mutant negative for intercellular spread (2), was used for quantitative entry assays. Enteropathogenic E. coli (EPEC) strain E2348 (39) served as a control.
Ceils
HeLa cells were routinely grown in 35-ram dishes and 2 ml of minimal essential medium (MEM with glutamine; GIBCO BRL, Gaithersburg, MD) with 10% FCS (GIBCO BRL). 22 × 22 nun coverslips placed in 35-ram dishes were used to grow ceils for immunofluorescence studies. For quantiative entry assays, we used tTA-transfected HeLa cells as described (31) .
Transient Expression of Tagged T-and~or L-Plastin in HeLa Cells
The plastin cDNAs and the techniques used for transient expression of the tagged plastin isoforms in HeLa cells were as described elsewhere. Briefly, the plastin cDNAs were obtained by PCR amplification of the DNA generated by reverse transcription of Caco-2 mRNA using isoform-specific oligonucleotides. Epitopes for monoclonal antibodies were added by incorporation of oligonucleotides encoding 11 amino acids of the vesicular stomatitis virus glycoprotein G (T-plastin tag) or 13 amino acids of the sendai virus L protein (L-plastin tag). These tags were specifically recognized by the monoclonal antibodies P5D4 or IV A-2, respectively (14, 41) . Standard calcium phosphate techniques were used for transient expression of the cDNAs in HeLa cells.
Infection
Infection of HeLa cells was essentially as described (7) . Overnight cultures of S. flexneri were diluted into Tryptic soy broth (Diagnostics Pasteur, Marnes la Coquette, France) and grown to mid-exponential phase, centrifuged at 5,000 g for 10 rain, washed in PBS, and resuspended in MEM to bring the suspension to a concentration of 107 cells/ml (M90T, BS176) or 6 )< 107 cells/nil (SC300, SC301). HeLa cells grown for 24 h to semiconfluency were washed twice with MEM, and then overlaid with the respective bacterial suspension, followed either by centrifugation for 10 rain at 4°C at 780 g (M90T, SC560, BS176), or incubation for 10 rain at 4oC (SC300, SC301) to bring bacteria in contact with cells under noninvasive conditions. Unless indicated otherwise, the dishes were then set on top of a 37°C water bath for 30 rain (Mgffl', BS176) or 13 rain (SC300, SC301), respectively. Infection was stopped by three washes in PBS at room temperature (rt). For infection of cells previously transfected with the truncated and tagged T-plastin construct (see Fig. 8 ), bacteria (SC560 or BS176) were used at a concentration of 3 x 106 cells/ml and infection time was 20 rain.
Immunofluorescence
For immunofluorescence studies, cells were fixed for 20 rain using 3.7 % (wt/vol) formaldehyde in PBS. After several washes in PBS, excess aldehyde groups were quenched and cells permeabilizcd by subsequent incubations at room temperature for 5 rain each in PBS/Glycine (0.1 M, pH "/.4), PBS/Triton X-100 (0.1% vol/vol), and PBS. Standard staining procedures for indirect immunofluorescence employed a polyclonal rabbit anti-plastin antibody raised against T-plastin which re, acts with both T-and L-plastin (1:400), the anti-tag monoclonal antibodies P5D4 (1:400) and IV A-2 (1:50) as previously described 04, 41), and rhodamine-labeled secondary antibodies (Sigma Chem. Co., St. Louis, MO; 1/80). F-actin was labeled with N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)phallacidin (Molecular Probes, Eugene, OR). The labeled preparations were observed using a conventional fluorescence microscope (BH2-RFCA, Olympus Optical Co., Ltd.) or a confocal laser scanning microscope (Wtld Leitz Instruments OmbH, Heidelberg, Germany). Pictures from the latter were recorded on a fiat screen monitor with high lincarity.
Scanning Electron Microscopy
Cells were fixed for 30 rain in 1.6% glutaraldehyde, 1% tannic acid in 0.1 M phosphate buffer (pH 7.4) at rt, rinsed with buffer, and postfixed for 30 rain in 1% OsO4 in 0.1 M sodium cacodylate buffer (pH 7.4) at rt. The fixed cells were subsequently dehydrated with ethanol, critical point-dried with carbon dioxide and sputter coated with 3 nm of Pd-Au. Observations were performed using a JEOL 35CF scanning electron microscope operating at 25 IN.
Transmission Electron Microscopy
EM techniques employed to study bacterial entry into HeLa cells were essentially as previously described (68) .
S1-Myosin Decoration of F-Actin
S1-Myosin prepared as described by Offer ct al. (54) was a kind gift of M. E Carlier (CNRS, Gif, France). S1-Myosin decoration of filamentous actin was performed as described (68) . Briefly, infected cells were exposed to Triton X-100 buffer (1% Triton X-100, 3 mM MgCI2, 30 mM Tris-C1, pH 8.0) for 10 rain at 4°C to remove membranes, incubated for 30 rain at 4°C with 8 mg/ml Sl-myosin in 0.1 M phosphate buffer (pH 6.8), washed in 0.1 M phosphate buffer, and fixed in 1% glutaraldehyde, 2% tannic acid, and 50 mM phosphate buffer (pH 6.8). After a wash in 0.1 M phosphate buffer (pH 6.8), the preparation was postfixed in 1% OsO4 in 0.1 M phosphate buffer (pH 6.3), for 30 rain at 4°C, and then rinsed in water, dehydrated, and embedded as described above. 
lmmunogold Labeling
For immunogold labeling of infected HeLa ceils, we used a polyclonal antibody raised in rabbit against an NH2-terminai peptide of a-smooth muscle actin (kind gift of Giulio Gabbiani (University of Geneva, Switzerland); 1:40), or a polyclonal rabbit anti-plastin antibody which was purified against T-plastin but reacts with both T-and L-plastin (1:25) , and the technique described by Harding and Geuze (34) . In short, the cells were fixed for 2-4 h at 4"C in 1% acrolein and 2% paraformaidehyde in 0.1 M sodium phosphate buffer, pH 7.4, and then immersed overnight in 2.3 M sucrose/ PBS. Thin sections were cut at -100°C. The grids were floated on drops of primary antibody diluted in PBS/I% BSA + 1% Tween-20 (pH 7.4). We used a gold-conjugated goat anti-rabbit IgG antibody (EM.GAR 10; British Biocell International, Cardiff, UK), 1:40 diluted in PBS/0.01% gelatin for the labeling step. The preparations were stained for 5 min in 3 % uranylacetate-oxalate (pH 7.0), rinsed in distilled water, embedded with 1% methyl cellulose (Methocel MC 1.5 mPa.s; Fluka, Switzerland) containing 0.03 % uranyl-acetate, air-dried on a loop, and examined in an electron microscope as described above.
HeLa Cell Transfectants Dominant Negative for the T-Plastin Function
Using PCR and conventional cloning techniques, we cloned the 5'-end of a T-plastin eDNA containing only one actin-binding site in frame with the coding sequence for the 11-amino acid peptide tag recognized by the monoclonai antibody P5IM into the EcoRI and BamH1 sites of the eukaryotic expression vector pUHD 15-1 (31) (Fig. 8 ). We employed standard calcium phosphate precipitation techniques for transient transfection of HeLa cells containing the tetracyclin resistance repressor system (31) . No tetraoyclin was added to the medium. Therefore, the transfected T-plastin construct was constitutively induced. Thus, we obtained HeLa cells that expressed a functionally inactive, truncated, and tagged T-plastin molecule that competed with the endogenous T-plastin for T-plastin-binding sites on F-actin molecules.
Quantitative Bacterial Entry Assay
To measure hacteriai entry into HeLa cells which were or were not transfected with the truncated T-plastin, we infected transiently transfected HeLa cells with the IcsA mutant SC560 in MEM medium for 20 rain, and then washed three times with PBS, and incubated the preparation for 2 h in MEM/10 % FCS containing Gcntamicin (50/~g/ml) to kill extracellular bacteria. The preparation was then fixed and permeabilized as described above. We stained transfected cells with the monoclonai anti-VSV tag antibody, P5IM, and intracellular bacteria with a polyclonal anti-LPS antibody using conventional indirect immunofluorescence techniques. A minimum of a thousand cells was then checked for the expression of the tagged, truncated T-plastin, and for the presence of intracellular bacteria.
Results
During Bacterial Entry, Membrane RuJ~les Form Out of Cellular Microspikes, as Seen by Scanning Electron Microscopy
Scanning electron microscopy gave an overall view of the morphological changes on the surface of HeLa cells at Shigella entry sites. Fig. 1 a shows early formation of cellular microspikes that coalesced to form "pillars: The pillars, generally made of 2-4 microspikes, were interconnected by membrane curtains (Fig. 1 b) . The mature, blossom-like structure consisted of overlapping membrane sheets that largely surpassed the entering bacterium ( Fig. 1 c) . Interestingly, the skeletal construction could still be recognized at this stage, as the membranous interconnection of the pillars rose from the level of the cytoplasm but did not reach the crospikes; and (c) mature, blossom-like structure showing the constitutive elements of ruffle architecture: pillars (arrowheads), composed of 2-4 microspikes, and interconnecting membrane sheets (arrow). Bars, 2 #m.
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very top of the pillars, thus leaving the pillars to overhang. Since the coalescence of 2--4 microspikes to form the pillars also started at the bottom of the cellular projections and was incomplete, even the microspikes that gave rise to the pillars could still be identified (Fig. 1 c) .
Transmission EM Study of the Entry Process
To study the nltrastructural changes during bacterial entry in more detail, we used conventional transmission electron microscopy to study Shigella-infected HeLa cells. Adherence of the pathogenic strain SC301 was followed by the formation of protrusions in the surrounding of the bacterium that extended up to 2 gm along the eukaryotic membrane to each side of the bacterium (Fig. 2, a and b) . The height of the pseudopodia reached 3-5/~m. Thus, the tips of the cellular projections largely exceeded the size of the bacterium (Fig.  2, b and c) . The protrusions next to the bacterium, containing densely packed microfilaments, continued to rise and finally coalesced to engulf the parasite (Fig. 1 c) . These projections did not always follow the shape of the bacterium but seemed rather to only secondarily get into contact with it ( Fig. 2, a and b) . Once the internalization process was completed, the phagocytic vacuole enclosing the parasite remained surrounded by a network of microfilaments (data not shown) while cellular projections at the bacterial entry site persisted (Fig. 2 c) . The adherent but noninvasive control strain induced only minor membrane projections (Fig. 3 a) .
Distribution of S1-Myosin-decorated F-Actin during Bacterial Entry
To further characterize the microfilaments involved in cellular uptake of S. flexneri, we performed Sl-myosin decoration of the filamentous actin of HeLa cells 30 min after bacterial infection. This technique allows one to specifically identify actin filaments, as well as their polarity (68) . We were able to observe all stages of bacterial entry in 30 rain. Fig. 3 illustrates actin reorganization during these different steps. We observed minor actin accumulation beneath the cell membrane adjacent to the invasive bacterium very early after the infection (Fig. 3 c) . No actin rearrangement was observed in HeLa cells infected with the noninvasive strain SC300 (Fig. 3 b) . The next step was characterized by the formation of cellular projections raising beside the bacterium as well as distinct zones of actin nucleation underneath the parasite (Fig. 3, d and e). The protrusions contained long actin filaments that were all oriented with their barbed ends to the tip of the cellular projection (Fig. 3 e) . These long filaments sustained the protrusions as they coalesced above the bacterium and maintained these structures even when the phagosome membrane was already destroyed (data not shown). We frequently observed both protrusions beside the bacterium and one or more actin nucleation zones underneath the pathogen (Fig. 3, d , e, and f). Fig. 3 d shows two distinct areas packed with electron dense material corresponding to actin-nucleation zones. These zones were scattered along the cytoplasmic membrane in closets with the bacterium. While the structure to the right consists of an ac- 
zones seemed to be at the origin of bundles of actin filaments forming a "sprinkler'-like structure (Fig. 3 e, long arrow) . If situated beside the contact zone of the bacterium and the cell, the presumptive nucleation zone was at the origin of newly formed cellular protrusions containing long actin cables in parallel arrays with barbed ends pointing to the tip of the projections and the densest bundling of actin filaments being observed at the end of the protrusions (Fig. 3, d , e, and f). At this stage, the architecture of the subcortical actin layer may be perturbed (Fig. 3 f, long arrow) .
Plastin Is Recruited into Bacterial Entry Spots
The densely packed F-actin bundles in the cellular protrusions described above suggested the presence of an actinbundling protein. We used a polyclonal anti-plastin antibody which recognizes both T-and L-plastin, and indirect immunofluorescence labeling of infected HeLa cells, to study the distribution of this protein during infection with S. flexneri. After 13 min of infection with the invasive strain SC301, we observed an accumulation of plastin in bacterial entry spots (Fig. 7 d) . Typically, staining extended far from the center of the invasion zone into pseudopods (see arrows in (Fig. 4, A and B) or BS176 (data not shown). The plastinstaining pattern seen in the negative control (Fig. 4 B) is not related to bacterial adhesion (Fig. 4 A) and reflects normal plastin staining in noninfected cells. In cells, where plastin was rearranged to the entry sites of invasive bacteria, the normal-staining pattern was blurred or invisible (Fig. 4, C  and D) . For comparison, we infected HeLa cells with EPEC strain E2348 as described (39) , and then fixed and labeled the preparation with the anti-plastin antibody. We used confocal scanning fluorescence microscopy to compare the Shigella staining pattern with that of the EPEC strain. Although the EPEC strain also induced an accumulation of plastin at the adherence site, the staining pattern was completely different. In EPEC-infected HeLa cells, the dense staining remained in the very proximity of the bacterial body, after its shape (Fig. 4 F, arrow pointing to one bacterium) , whereas the Shigella entry sites clearly reflected plastin labeling of multiple cellular protrusions elicited by a cluster of bacteria interacting with the cell surface (Fig. 4 E,  arrows) .
Interestingly, detailed double-labeling studies revealed a slightly differential redistribution of plastin and actin in the bacterial entry spot. As shown in Fig. 7 g, plastin concentrates in the tip of the cellular protrusions whereas actin is predominantly found at the base of these bacteria-induced structures (see also Figs. 5 and 6).
lmmunogold Labeling Shows Aggregation of Plastin in
Cellular Protrusions
To further study the precise localization of plastin in infected HeLa cells, we subjected preparations of infected cells to immunogold labeling with an affinity-purified polyclonal antiplastin antibody.
At an early entry stage, while cellular protrusions arose next to the bacterium, most of the gold grains were found in the cellular protrusions or in the cytoplasm just underneath (Fig. 5 a) . The highest concentration of grains seemed to localize in the tip of the projections (Fig. 5 a) , suggesting an implication of plastin in the formation of tight bundles of actin filaments in cellular projections during the entry process and thus confirming immunofluorescence data shown above (Fig. 7 g) . At a later stage, after internalization of the parasite, almost all grains were found in cellular protrusions that surrounded the bacterium; only few grains were scattered in the cytoplasm around the phagosome (Fig. 5 b) . This was in contrast to the labeling pattern seen with an anti-actin antibody which, at an early stage of entry, stained the protrusions as well as the cytoplasm underneath (Fig. 6 a) . Once the bacterium was in the cell, actin was redistributed into two zones of high actin concentration: (a) The protrusions that remained after the internalization of the bacterium, and (b) the cellular space in the vicinity of the vacuole containing the parasite (Fig. 6 b) . These findings indicated differential redistribution of actin and plastin during Shigella entry into HeLa cells. While actin and plastin colocalized in the pseudopods, only actin accumulated around the phagosome.
Both Isoforms of Plastin Can Accumulate in Bacterial Entry Sites but Show Different Distribution Patterns
The two isoforms of plastin are differentially expressed in human tissues and cell lines. Leukocytes express L-but not T-plastin; only the T-plastin isoform can be detected in HeLa cells (13) . In addition, only L-plastin has hitherto been found to be phosphorylated (13) . These findings indicate functional differences of the two plastin isoforms. To see whether both isoforms can similarly be recruited into bacterial entry spots, we transiently transfected HeLa cells with constructs of both T-and L-plastin, each containing an epitope at its COOHterminal end that is recognized by the monoclonal antibodies (mAb) P5D4 or IV A-2, respectively (14, 41) . These mAbs were used to specifically label the respective peptide tags of T-or L-plastin after infection of the transfected cells with SC301 or SC300 (control). As shown in Fig. 7 , a-c by x-y horizontal sections using confocal fluorescence microscopy, the L-isoform was recruited into the center of the invasion zone whereas the T-isoform was more concentrated in the periphery of the entry zone and reached into the protrusions thus forming a belt around the L-isoform. The differential distribution of the two plastin isoforms was also seen in vertical sections (x-z) where we found that the T-isoform was predominantly recruited to the periphery of the cell while L-plastin was concentrated in greater distance from the cell membrane (Fig. 7 e) . No differentiai recruitment of the two plastin isoforms could be seen in double-transfected cells infected with EPEC (Fig. 7) , the yellow staining observed, associated to the bacterial body, representing the sum of green and red (i.e., T-and L-plastin). Once the bacterium is internalized, actin is not only concentrated in the pseudopods but also around the vacuole containing the bacterium (arrowheads) where no plastin accumulation was found (Fig. 5 b) . Bars: (a) 0.5/~m; (b) 0.7 ~m. Figure 7. (a, b, c, e, and f 
T-Piastin Is Essential for ShigeUa Entry into HeLa Cells
The differential recruitment of T-and L-plastin into bacterial entry spots, the T-isoform concentrated in the tips of the cellular protrusions and L-plastin more at the base of these structures (Fig. 7, a-c, and e) , and published data suggesting the presence of T-but not of L-plastin in HeLa cells (13) prompted us to hypothesize that T-plastin is important for bacterial entry into HeLa cells. To obtain HeLa cells dominant negative for the T-plastin function, we expressed a truncated and tagged T-plastin construct that was designed to compete with the endogenous protein for actin binding (Fig.  8) . After tranfection of HeLa cells with the T-plastin truncate, we infected the cells with the invasive but nonmotile mutant SC560 (IcsA-). This strain was used in order to prevent cell-cell spread of the bacteria (2, 30, 57) . We also infected with BS176, a noninvasive, virulence-plasmid cured mutant, as a negative control. We identified transfected cells using the anti-tag mAB P5D4 (41), nontransfected cells by negative P5D4 labeling and phase contrast microscopy, and infected cells by a bacterial stain using an anti-LPS antibody. We observed a significant inhibition by 64% of entry into transfected ceils of the invasive strain SC560 as compared to nontransfected cells (Fig. 9, p < 0.05) . The noninvasive strain BS176 was negative for invasion of transfected or nontransfected cells. No morphological alterations were observed in transfected vs nontransfected HeLa ceils.
Discussion
Entry processes into eukaryotic cells of facultatively intracellular bacteria as different as Shigella, Yersinia, Salmonella, and enteroinvasive E. coli, require actin polymerization (7, 8, 18, 21, 24, 40, 68, 71) We replaced the second actin-binding site (ABS H) by a peptide tag consisting of an 8-amino acid long spacer and the recognition sequence of the monoclonal antibody P51M (11 as.) at the COOH terminus.
to better understand Shigella-induced cytoskeletal rearrangements and their similarity to physiological patterns of cell behavior like phagocytosis or formation of brush border microvilli.
After initial contact of S. flexneri with the HeLa cell membrane, several distinct nucleation zones of actin polymerization were seen within or adjacent to the plasma membrane. Surprisingly, the cellular protrusions were not formed as a continuous wave-like structure encompassing the parasite but rather resulted from a discontinuous process of scattered actin nucleation in or underneath the cytoplasmic membrane next to the entering bacterium (Fig. 3, d , e, and f ) . The outcome of the initial nucleation event seemed to depend on the location of the nucleation site with regard to the bacterium: nucleation foci arising beside the bacterium resulted in a cellular protrusion, whereas nucleation zones immediately under the bacterium ended up in a sprinkler-like structure characterized by a bouquet of actin filaments originating in a nucleation zone at the membrane (Fig. 3, d , e, and f ) . The nucleation zone of developing protrusions vanished as long actin filaments erected the cellular protrusions. In contrast, nucleation zones under the bacterium that gave rise to the sprinkler-like structures remained for a certain period of time (Fig. 3 e) . On a larger scale, the scattered actin nucleation and formation of protrusions corresponded to the high density of cellular microvilli around the entering bacterium (Fig. 1 a) .
Microvilli are the morphological basis of the Shigellainduced entry structure since they were seen to coalesce and form pillars bearing the overlapping membrane leafs that are characteristic for the mature, blossom-like entry complex (Fig. 1, a-c) . The overall morphology of the mature structure resembled HEp-2 cell membrane ruffles during Salmonella invasion (20, 21) . However, it is not known if Salmonella-induced ruffles are the result of pillar formation with subsequent membranous intercormection as described here, or are due to homogenous wave-like membranous extensions (17, 53, 66) , it would not be surprising to find somewhat distinct entry mechanisms of the two pathogens.
It is not yet clear whether the discontinuous actin nucleation foci around the entering bacterium are due to a cellular nucleator activated by a Shigella-triggered transmembrane signal, or due directly to a bacterial nucleator able to cross the cytoplasmic membrane. An argument for the latter mechanism is the finding that one of the bacterial pathogenicity determinants, IpaB, is associated with both contact hemolysis and entry into epithelial cells (10, 36) . Thus, it is possible that IpaB provides access to the cytoplasm for a bacterial nucleator, or is the bacterial nucleator itself. As to the discontinuity of the process, one might speculate that the concentration of one of the components of the signaling system becomes critical for signal transduction; be it a bacterial effector, an element of a cellular transmembrane signaling system, an actin-binding protein, G-actin, or any regulator involved in the system.
Initially, the discontinuous process of actin nucleation did not affect the integrity of the network of subcortical F-actin. As entry proceeded, long actin cables were formed out of nucleation foci, giving rise to either a cellular protrusion or a sprinkler-like structure according to the situation of the nucleation focus. At this stage, the integrity of subeortical actin was disturbed. Shigella-induced cellular protrusions were characterized by long densely bundled actin filaments organized in parallel orientation with their barbed ends pointing to the tip of the protrusions (Fig. 3, e and f) . At this step, the initial nucleation zone that gave rise to the protrusion had already vanished. We speculate that initial parasiteinduced actin nucleation results in small actin filaments that are neither spatially oriented nor bound to the membrane. Some of them may gain access to an actin-binding site of the membrane. These filaments would continue to polymerize actin predominantly at the barbed end and thus help erect the protrusion while free filaments are depolymerized, providing a G-actin pool for the formation of the protrusion.
A
The striking feature of tightly bundled actin filaments in parallel orientation with their barbed ends pointing to the tip of the protrusions as the major morphological constituent of the bacteria-induced pseudopodia resembled the microarchitecture of microvilli of the intestinal brush border (52) . In chicken brush border, F-actin bundling is mediated by villin and fimbrin (52) . Villin plays a key role in the morphology of intestinal microvilli, but is not expressed in HeLa cells (22, 23) . Fimbrin tightly bundles actin filaments in arrays of parallel orientation (28, 49) and is necessary for in vitro reassociation of microvillar core proteins (12) . The observation that the F-actin in the cellular protrusions was tightly bundled in parallel arrays suggested a possible involvement in the architecture of the bacteria-induced cellular protrusions of an actin-bundling protein of the fimbrin family. Plastin belongs to this family of actin-bundling proteins, including T-and L-plastin and fimbrin (5, 6, 13, 45, 46) . Amino acid sequence analysis of plastin reveals two closely associated presumptive actin-binding sites as well as two hypothetical calcium-binding sites (13, 45) , which makes this protein the best candidate for very tight packing of actin filaments. Thus, we studied the role of plastin for Shigella and electron microscopy, we found actin in both cellular protrusions and all around the invaginating vacuole whereas plastin was spotted only in the protrusions where it serves bundling the actin filaments (Figs. 5 and 6 ). For now, we do not know if this is due to distinct signaling pathways or to differential distribution patterns of these proteins in the cell. We also do not know if plastin has the morphogenic potential to generate the formation of the protrusions. In yeast, the morphogenic potential of the plastin homologue Sac6p has been shown (1). Both T-and L-plastin can be recruited into the bacterial entry site when HeLa cells are transfected with either of the isoforms. Since the mRNA of L-plastin has not been found in HeLa cells (13) , it is probably the T-isoform that accumulates in the cellular protrusions formed during HeLa cell infection with S. flexneri. This goes well with the analysis in the confocal microscope of HeLa cells double transfected with both plastin isoforms showing a different pattern of recruitment into the bacterial entry site for L-or T-plastin: while the L-isoform was recruited into the center of the bacterial invasion zone, the T-isoform was located in the periphery of the entry zone. Furthermore, in vertical sections, L-plastin was found more towards the center of the cell. In contrast, the T-isoform accumulated at the cell border. Thus, the T-isoform seems to be recruited into the protrusions where it serves bundling long actin filaments in parallel arrays while the L-isoform remains in the body of the infected cell. The differential intracellular distribution of the two plastin isoforms might reflect distinct binding specificities of the two proteins. The T-isoform would organize parallel actin filaments into bundles as found in the protrusions, whereas the L-isoform would be implicated in the formation of complex structures like subcortical actin. Further studies are necessary to elucidate the regulation of the plastin accumulation described here.
While the functional role for the bacterial entry process of cellular protrusions seems obvious, the precise function of the sprinkler-like structure below the bacterium remains elusive. It might reflect an abortive protrusion. However, the occasional observation that the subcortical actin below a sprinkler-like structure remained intact forming a network with the sprinkler filaments (data not shown) may indicate a more active role in the bacterial entry process of this structure. Thus, this network could be part of substantial remodeling of subcortical actin being necessary to attract the macropinocytotic vacuole into the cell.
Using dominant negative transient transfectants and a quantitative entry assay, we have provided evidence for the functional role of T-plastin for the eytoskeletal rearrangements during bacterial entry. HeLa cells, transfected with a truncated T-plastin which was devoid of one of its two actinbinding sites and thus unable to bundle actin filaments, were significantly less susceptible to infection with S. flexneri, thus proving the functional role of this plastin-isoform for bacterial entry. Since the T-isoform is concentrated in the cellular projections surrounding the entering bacterium, the experiments demonstrate that it is the T-isoform that bundles actin filaments in these parasite-induced microvilli and that actin bundling in the bacteria-induced protrusions is essential for efficient Shigella entry into HeLa cells. In the course of this study, the EPEC strain was used only as a control, demonstrating that foci of bacteria-cell interaction were not all similar. Significance of the strict colocalization of the two plastin isoforms in the case of EPEC is not understood, although it certainly reflects a significant difference in reorganization of the cytoskeleton. Within the limits of this study, the weak efficiency of EPEC invasion, as compared to Shigella, precluded the use of truncated plastin expression for trans-dominant negative effect.
Based on some of the above presented morphological and functional data and the published observation that myosin can be found in Shigella entry spots (7), we propose a model for the cytoskeletal rearrangements during Shigellaflexneri invasion of HeLa cells (Fig. 10) . Since a number of bacterial determinants conferring the invasive phenotype is known, we believe that the Shigella entry system provides a valid tool to study further cytoskeletal functions of eukaryotic calls.
